difference observed between these values may imply a breakdown of electron-hole symmetry because of many-body effects (8, 30) . However, some contribution to the electron-hole asymmetry observed in Fig. 2C could also be caused by the screening of the tip electric field (band bending), requiring a small correction to the energy scale in Fig. 2C .
difference observed between these values may imply a breakdown of electron-hole symmetry because of many-body effects (8, 30) . However, some contribution to the electron-hole asymmetry observed in Fig. 2C could also be caused by the screening of the tip electric field (band bending), requiring a small correction to the energy scale in Fig. 2C .
Spatial variation of the LL energies can be used to map fluctuations of the local potential (31), as we show for the n = 0 LL (Fig. 3 ). This level, composed of electron and hole carriers, occurs exactly at the Dirac point, as a direct consequence of the chiral solutions of the Dirac equation that describes graphene's low-energy electronic structure. Figure 3 , A and B, shows a topographic image and corresponding spatial map of the lowest LL n energies (vertical) and dI/dV intensities (color scale) for n = 0, -1, -2, and -3 along the line marked in Fig. 3A . The average position of E D was 55.2 meV above E F , with a SD of T1.9 meV (Fig. 3C ) (20) . By far, the largest variation (in this image and generally in our measurements) corresponded to a subsurface rotational domain boundary that occurs in the center of the image [the top graphene layer is atomically continuous over the boundary ( fig. S3) ]. Away from such boundaries, the spatial fluctuations were much smaller: ≈0.5 meV, as seen for the region from 250 to 400 nm in Fig. 3 . The Dirac point energy map showed an extremely smooth potential (hence, small carrier density fluctuations) for this lowdoped graphene sheet, in contrast to the electron and hole puddles observed for exfoliated graphene on SiO 2 substrates (10) . In surveying the sample, a variation of~T25 meV in E D was observed over distances of many tens of micrometers (see E D differences between Figs. 2 and 3). The larger density fluctuations on SiO 2 substrates apparently result from charged impurities in the SiO 2 substrate. The smooth charge/potential contour in epitaxial graphene could be the result of screening of the interface potential fluctuations by the graphene multilayer, and the crystalline SiC substrate may be more homogenous than the amorphous SiO 2 substrate with respect to trapped charges.
The dI/dV spectra in Fig. 2 show a direct measurement of graphene magnetic quantization expected for massless Dirac fermions. This result implies that the topmost layer of epitaxial graphene closely approximates an isolated sheet of graphene. We attribute this isolation to the presence of rotational stacking faults between the graphene layers in epitaxial graphene grown on the carbon face of SiC, which effectively decouples the electronic structure of the layers (9) . A variety of rotational stacking angles were found in STM topographic images of the surface ( fig. S2) (13) . Slight rotations of one layer with respect to the next create moiré super periods superimposed on the atomic lattice ( fig. S2) (9, 13) . The ≈0.02-nm peakto-peak height modulation originates from periodically varying the alignment of top-layer atoms with those below, but the exact source of image contrast is still a subject of debate (32) . Our survey of the carbon-face grown sample showed moiré patterns of various periods in almost every location examined, with spectra similar to those seen in Fig.  2 . We expect this structure of multilayer epitaxial graphene to be important for future studies of Dirac point physics in graphene.
Note added in proof: A new publication reports the observation of graphene LLs in STS measurements over a graphene flake on graphite (33 (1) (2) (3) [using a "scrunching" mechanism (4)]. Upon synthesis of an RNA transcript with a threshold length of~8 to 15 nt, RNAP breaks its interactions with promoter DNA, escapes the promoter, and enters into processive synthesis of RNA as an RNAP-DNA transcription elongation complex (1-3) [using a "stepping" mechanism (5)]. In transcription reactions in vitro, the RNAP-promoter initial transcribing complex can engage in tens to hundreds of cycles of synthesis and release of short RNA transcripts (abortive initiation) (1) (2) (3) (6) (7) (8) . Abortive initiation competes with productive initiation in vitro and, as such, is a critical determinant of promoter strength and a target of transcription regulation in vitro (1-3, 7-13). It has been proposed that abortive initiation likewise occurs in vivo (6, 8) . In support of this proposal, factors that affect yields of full-length transcripts in vitro through effects on abortive initiation likewise affect yields of full-length transcripts in vivo (9) (10) (11) (12) (13) (14) . However, no direct evidence that abortive initiation occurs in vivo has been presented.
The bacteriophage T5 N25 promoter and its derivative N25anti are classic model systems for the study of abortive initiation and promoter escape (9, (11) (12) (13) (14) . N25 and N25anti differ only in their initial transcribed sequences (positions +3 to +20) but exhibit radically different characteristics in vitro with respect to the abortive:productive ratio (APR) (40 for N25 and~300 for N25anti), the maximum size of abortive transcripts (10 nt for N25 and 15 nt for N25anti), and the rate constant for promoter escape (k clear ) (~1.7 per min for N25 and~0.06 per min for N25anti).
To determine whether abortive initiation occurs in vivo, we sought to detect abortive transcripts generated during transcription from a plasmid-borne copy of N25anti in Escherichia coli by using locked nucleic acid probes developed for the hybridization-based detection of microRNAs (15, 16) . We reasoned that the relatively high APR of N25anti would facilitate the accumulation of detectable quantities of abortive transcripts and that the relatively high maximum size of abortive transcripts of N25anti would facilitate efficient hybridization of the locked nucleic acid probes.
To validate the method, we performed in vitro transcription reactions using E. coli RNAP and a DNA template carrying the N25anti promoter, a 100-nt transcription unit, and the tR2 terminator (N25anti-100-tR2). We performed parallel reactions using radioactive nucleotide triphosphates (NTPs) with analysis by means of autoradiography (Fig. 1A , left) and using nonradioactive NTPs with analysis by means of hybridization (Fig. 1A , right). Hybridization was able to detect abortive transcripts having lengths of 11 to 15 nt.
To detect abortive transcripts in vivo, we introduced a plasmid carrying N25anti-100-tR2 into cells, isolated RNA, electrophoresed RNA on urea-polyacrylamide gels, and visualized transcripts by means of hybridization (Fig. 1B) . RNA samples from cells with the plasmid carrying N25anti-100-tR2 (but not from cells with a control plasmid lacking N25anti-100-tR2) exhibited transcripts corresponding in mobility to the 11-to 15-nt abortive transcripts observed in vitro (Fig. 1B) . The 11-to 15-nt transcripts generated in vivo were observed with both N25anti-100-tR2 carried on a multicopy plasmid (Fig. 1B) and N25anti-100-tR2 carried on a single-copy F-plasmid-derived plasmid ( fig. S1 ).
To show that the 11-to 15-nt transcripts detected in vivo are abortive transcripts, we demonstrated that they exhibit three hallmarks of abortive transcripts as defined in vitro: (i) altering strengths of interactions between RNAP and promoter DNA alters yields of the 11-to 15-nt transcripts (figs. S2 and S3) (1, 3, 10, 13, 17); (ii) altering strengths of interactions between RNAP and transcription initiation factor s alters yields of the 11-to 15-nt transcripts (figs. S4 and S5) (18, 19) ; and (iii) transcription elongation factor GreA alters yields of the 11-to 15-nt transcripts ( fig. S6) (1, 3, 9) .
We conclude that abortive initiation occurs in vivo ( Fig. 1 and figs. S1 to S6). We further conclude that abortive initiation is a determinant of promoter strength (figs. S2 and S3), a determinant of RNAP function (figs. S4 and S5), and a target of transcription regulation in vivo (fig. S6) . The results were obtained with bacterial RNAP. However, because abortive initiation occurs in vitro with all characterized RNAPs-bacterial, archaeal, eukaryotic, and bacteriophage-we consider it likely that abortive initiation occurs in vivo with all RNAPs.
Analysis of initially transcribedregion sequences of experimentally defined E. coli promoters indicates that as many as~4000 different 2-to 10-nt abortive transcripts may be generated in vivo (table S1).
The finding that abortive transcripts are generated in vivo and accumulate to detectable levels in vivo raises the possibility that abortive transcripts may play functional roles. For example, an abortive transcript produced from a first promoter could function as a sequence-specific primer for transcription initiation at a second promoter or could function as an antisense effector against a specific RNA. Key priorities will be to define the full set of abortive transcripts produced in vivo (the "abortome") and to define functional roles of abortive transcripts in vivo. Detection of transcripts generated in vivo by hybridization. Cells contained a single-copy plasmid carrying N25anti-100-tR2.
Figure S2. Destabilizing or stabilizing RNAP-promoter interactions decreases or increases abortive initiation in vivo.
A first hallmark of abortive initiation in vitro is that at promoters, such as N25anti, where promoter escape is rate-limiting, destabilizing RNAP-promoter interactions decreases APR and increases promoter strength (panels A and B), and stabilizing RNAP-promoter interactions has the opposite effects (panels A and B) (1, (5) (6) (7) (8) . This is because interactions that anchor RNAP at a promoter must be broken to end abortive initiation and enable promoter escape. To assess whether the 11-15 nt transcripts detected in vivo exhibit this hallmark, we determined effects of mutations that weakened or strengthened core promoter elements and, correspondingly, that destabilized or stabilized RNAPpromoter interactions (panel A). Destabilizing RNAP-promoter interactions reduced APR and increased yields of full-length transcripts in vivo (panel C), and stabilizing RNAPpromoter interactions increased APR and decreased yields of full-length transcripts in vivo (panel C). There was both qualitative and quantitative correspondence between the results in vivo (panel C) and in vitro (panel B).
A. Promoter derivatives analyzed. Consensus and non-consensus core promoter elements are in red and pink, respectively. B. Abortive initiation in vitro. Left, detection of transcripts by autoradiography. Right, detection of transcripts by hybridization. Samples were loaded to normalize amounts of full-length transcripts. C. Abortive initiation in vivo. Detection of transcripts by hybridization. Samples were loaded to normalize amounts of full-length transcripts. Graphs below gels show relative APR (yield of 11-15 nt transcripts/yield of full-length transcript; normalized to 1 for WT) and relative yields of full-length transcripts (mean±SEM of three independent determinations; normalized to 1 for WT). A. Promoter derivatives analyzed. Consensus core promoter elements are in red; non-consensus core promoter elements are in pink. A tR2 terminator is included to enable detection and quantitation of a defined terminated full-length transcript (panel B). Readthrough transcription past tR2 into lacZ (~20% of total transcription; efficiency determined in control experiments with constructs lacking tR2) enables quantitation of lacZ expression, providing an independent measure of relative full-length transcription (panel C). B. Detection of transcripts generated in vivo by hybridization. Cells contained a single-copy plasmid carrying the indicated N25anti-100-tR2-lacZ derivative. Samples were loaded to normalize amounts of full-length terminated transcripts. Graphs below each gel show relative APR (yield of 11-15 nt transcripts/yield of full-length terminated transcript; normalized to 1 for WT) and relative yield of fulllength transcript (mean and SEM of three independent determinations; normalized to 1 for WT). C. Relative lacZ expression (mean and SEM of three independent determinations; normalized to 1 for WT). LacZ expression was determined from β-galactosidase assays (9).
Figure S4. Destabilizing or stabilizing RNAP-σ interactions decreases or increases abortive initiation in vivo.
A second hallmark of abortive initiation in vitro is that, at promoters where escape is ratelimiting, destabilizing RNAP-σ interactions characteristic of the RNAP-promoter initial transcribing complex decreases APR and increases promoter strength (panel A), and stabilizing RNAP-σ interactions has the opposite effects (panel A) (10, 11) . This is because a subset of interactions between RNAP and the transcription initiation factor σ must be altered to end abortive initiation and enable promoter escape (12) . To assess whether the 11-15 nt transcripts detected in vivo exhibit this hallmark, we determined effects of substitutions that destabilize or stabilize RNAP-σ interactions. Destabilizing RNAP-σ interactions reduced APR and increased yields of full-length transcripts in vivo (panel B), and stabilizing RNAP-σ interactions increased APR and decreased yields of full-length transcripts in vivo (panel B). There was both qualitative and quantitative correspondence between the results in vivo (panel B) and in vitro (panel A).
A. Abortive initiation in vitro. Left, detection of transcripts by autoradiography. Right, detection of transcripts by hybridization. Reactions were performed using wild-type RNAP (WT), RNAP containing a substitution in σ 70 , L402F, that destabilizes RNAP-σ interactions (10) (destab), or RNAP containing a substitution in σ 70 , K299E, that stabilizes RNAP-σ interactions (11) (stab). Samples were loaded to normalize amounts of full-length transcripts. B. Abortive initiation in vivo. Detection of transcripts by hybridization. Cells contained wild-type σ 70 (WT), L402F σ 70 (destab), or K299E σ 70 (stab). Samples were loaded to normalize amounts of full-length transcripts. Graphs below gels show relative APR (yield of 11-15 nt transcripts/yield of full-length transcript; normalized to 1 for WT) and relative yields of full-length transcripts (mean±SEM of three independent determinations; normalized to 1 for WT). A. Detection of transcripts generated in vivo by hybridization. Cells contained a single-copy plasmid carrying the wild-type N25anti-100-tR2-lacZ construct shown in Fig. S2A and either wild-type σ 70 (WT), L402F σ 70 (destab), or K299E σ 70 (stab). Samples were loaded to normalize amounts of full-length transcripts. Graphs below each gel show relative APR (yield of 11-15 nt transcripts/yield of full-length transcript; normalized to 1 for WT) and relative yield of fulllength transcript (mean and SEM of three independent determinations; normalized to 1 for WT). B. Relative lacZ expression (mean and SEM of three independent determinations; normalized to 1 for WT). LacZ expression was determined from β-galactosidase assays (9).
Figure S6. GreA decreases abortive initiation in vivo.
A third hallmark of abortive initiation in vitro is that, at promoters where escape is ratelimiting, the transcription elongation factor GreA decreases APR and increases promoter strength (5, 6, 13) . To determine whether the 11-15 nt transcripts detected in vivo exhibit this hallmark, we assessed effects of deletion of the gene encoding GreA. We observed an increase in APR and a decrease in yield of full-length transcripts in a greA -strain as compared to a greA + strain.
A. and B. Detection of transcripts generated in vivo in greA + or greA -cells by hybridization. Cells contained either a multi-copy plasmid carrying the wild-type N25anti-100-tR2 construct shown in Fig. S2A (panel A) or a single-copy plasmid carrying the wild-type N25anti-100-tR2-lacZ construct shown in Fig. S3A (panel B) . Samples were loaded to normalize amounts of full-length transcripts. Graphs show relative APR (yield of 11-15 nt transcripts/yield of full-length transcript; normalized to 1 for greA + ) and relative yield of full-length transcript (mean and SEM of three independent determinations; normalized to 1 for greA + ), and relative lacZ expression determined using cells carrying the single-copy plasmid (mean and SEM of three independent determinations; normalized to 1 for greA + ). LacZ expression was determined from β-galactosidase assays (9). This work pSG18 pSG10 containing N25anti destab-100-tR2
Overlap PCR was used to introduce a -7C change into the N25anti promoter.
This work pSG23 pSG10 containing N25anti stab-100-tR2
Overlap PCR was used to introduce the following changes into the N25anti promoter: T-36C, C-32A, T-31C, and T-30A. Overlap PCR was used to introduce the following changes into the N25anti promoter: T-36C, C-32A, T-31C, and T-30A.
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